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SUMMARY

A systematic investigation of screen-accelerator grids was made
with an ion rocket having a 10-centimeter-diameter electron-bombardnent
ion source. Mercury ion beams of 0.03 to 0.44 ampere were operated at
net accelerating voltares of 900 to 100 volfs. A multihole screen-
accelerator crid set passeld the greatest percent of an ideal plane diode
current witnh a ratio of between-grid spacing to individual hole diam-
eter of approximately 1. Breakdown between the grids occurred at field
strengths of 2000 to 3000 volts per millimeter for grid spacings of 1
to 3 millimeters. The accelerator impingement was about 1 percent and
caused little erosion of the molybdenum grids, wilch indicated a grid
life of the order of 1000 nours or betier. The experimental work was
conducted in a bell jar connected to a S-foot-diameter by lr-foot-long
vacuum tank at Lewis Resesrch Center.

INTRODUCTION

One of the most promising ion rockets to da.e has been the electron-
bombardment source type described in references 1 and 2. These papers
present the results of initcial testing of this ion rocket, which uses
gaseous mercury propellant, a hot filament to emit electrons for lonizing
collisions, a magnetic field to increase electron path length, and a
grid wire system to acce:erate ions. This source can lonize more than
80 percent of the mercury atoms with 500 electron volts per 1on in the
ion chamber discharge. This value combined with losses due Lo fila-
ment reat, magnetic field zoil power input, and grid impingement results
in a beam-power to input-power efficiency of avout 70 percent at S000-
second impulse. An extension of the initial work including scaling of
the engine diameter is dig:ussed in refersnce 3.

The present report describes the results of an expanded investi-
gation of the accelerator ;7rids used on the second ion rocket engine
of reference 2. An initiatl test using parallel prid plates with matching



holes was found to be more successful than the grid wires previously
used. A detailed program was outlined to study various grid plate
spacings, hole sizes, and plate thicknesses. A minimum grid spacing of
about 2 millimeters was selected from consideration of electrical break-
down, fabrication, and warping problems. A maximum spacing of about 10
millimeters was selected from considerations of space-charge-limited
flow in the beam. Most of the investigation was conducted at ion beam
currents of 0.125 and 0.25 ampere, although some data were obtained with
currents as low as 0.034 ampere and as high as 0,44 ampere. The range
of' specifiec impulse investigated was from 3000 to 7800 seconds, while
the corresponding net acceleration potential differences were 900 to
5100 volts for singly ionized mercury atoms.

The size of grid holes was designed to be of the order of the grid
spacings. Grid holes tco large could cause electrical field distortion
with sttendant reduction of current capacity, while holes too small
could also limit current because cof cross-sectional blockage. Also,
grid impingement due to random motlon of the lons would increase as hole
size is reduced. The plate thicknesses were chosen thick enough to re-
sist heat warpage and sputtering damage, and yet thin enough to reduce
weight and ion impingement.

Data were retaken with the parallel wire grids of reference 2 and
are included for compariscon. No attempt was made to change the ion
source operatiocn; in fact, care was taken to run the ion source at nearly
constant ccnditions for all accelerator data. Future studies of the ion
source may improve accelerabor perlormance by supplying to the accelera-
tors & more uniform plasma profile with less neutrals.

APPARATUS

The ion engine used in these experiments was mounted in a ZO~inch-
diameter bell jar and fired its beam through a 12-inch valve into a
vacuun tank 12 feet long and 5 feet in diameter. Figure 1 shows a
cross-sectional view of the vacuum tank, lon engine, cold baffles, ion
gage location, neutralizer wire, and button probe. The tank was evac-
uated by Lhree 32-inch-diameter oil diffusion pumps with liquid-nitrogen
cold traps. A more complete description of this tank is found in ref-
erence 4 or 5. The neutralizer consisted of a heated tantalum wire
strung across the beam about 25 centimeters from the engine.

The movable button probe consisted of an insulated tip of molyb-
denum 0.4 centimeter in diameter supported by an axial rod extending
45 centimeters from a pivot point. The tip of the probe could be blased
from 0 to ~-200 volis to repel any stray electrons in the tank; a nega-
tive bias of sbout 5 volts was usually enough to obtain a constant cur-
rent reading when the Lip was in the beam. The rod or shaft of the
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probe was grounded. Thus the current from the tip should indicate

the number of ions striking the tip face, assumirg singly charged ions
and neglecting secondary electron emission. The maximum error due to
secondary electrons was probably less than 10 percent for 4000-electron-
volt heavy ions on a molybdenum surface (ref. ey,

The liquid-nitrogen-cooled surfaces contained an area of approxi-
mately 33 square meters, which together with the diffusion pumps enabled
the tank to be evacuated to 5X10~7 to 9x10-7 millimeter mercury and the
bell jar to 5x10~6 to 9x107¢, With the ion engire in operation, the _
tank pressure was 2X107> to AX10~6 while the bell jar pressure was 1X107~
to 3x107° millimeter mercury.

Figure 2 shows a culaway sketch of the electron-bombardment ion
source used throughout the entire program. This source is simllar to
the second ion rocket engine of reference Z. Gaseous mercury prepellant
was supplied by a steam-hested boiler and was cortrolled by one cf sev-
eral calibrated orifices. The surface of the Iiguld mercury poocl was
over 200 times the orifice area, so vapor equilibirium should have existed
throughout the steam-jacketed boiler. A series of 24 orifice callbrations
in which the mercury was welighed before and after a steady flow period
gave experimental values within £5 percent of the average. The average
flow value was 11 percent higher than a calculated value for free molec-
ular flow through a sharp-edged orifice.

The mercury vapor jet from the orifice impirred on the distrilutor.
which served to provide a relatively uniform influx of vapcr to the ion
chamber. The ion chamber, about 10 centimeters long, was bounded by a
cylindrical anode 10 centineters in diameter. Ttre emitter, a hairpin-
shaped filament of 0.08-certimeter-diameter tungsten, was positioned
along the centerline of the ion chamber. Emitted electrons were pre-
vented from reaching the arode directly by the axilal magnetic field,
which extended their paths toc increase the probatility of ionizing col-
lisions. The magnetic field coil was so arranged that a divergent field
was produced, with a strength of about 22 to 27 gauss at the downstream
end (screen) of the ion chember and 34 to 41 gauss at the upstream end
(distributor).

In operation, the energetic electrons from the emitter produced
ions by collision, and the chamber became filled with a plasma. The
accelerating structure, comprising a screen and an accelerator grid at
the downstream end of the chamber, extracted ions from the plasma and
accelerated them as a beam. Aluminum oxide balls suppcrting and in-
sulating the screen and accelerator grids were varied in size (0.475,
0.555, 0.639, and 0.950 cm diam.) to change the spacing between the
grids.



Figure 3 and table I present details of 15 screen-accelerator com-
binations that were tested. Holes in the grids were match-drilled to
insure good alinement. Although the grids were fabricated from initially
flat plates, some warping occurred during manufacturing, assembly, and
engine operation. The parallel grid wire set of configuration 12 or 13
was the same set as that used in reference 2 and had fastenings that
permitted axial expansion of the wires to alleviate wire warpage from
heat expansion. Configurations 14 and 15 had a chamfer angle cut into
the back or downstream side of each hole of the screen to improve the
ion optics. The 33° chamfer (configuration 15) was the smallest angle
that could be machined and still maintain screen strength using 0.476-
centimeter-diameter holes on 0.835-centimeter centers. The 45° chamfer
represented a mechanically stronger screen and offered another feasible
angle to test,

PROCEDURE

Prior to each test, the screen and accelerator grids were welghed,
the ion engine was assembled, and the grid spacing was measured at five
random locations. The engine was then mounted in the bell jar, which
was roughed down, opened to the tank, and permitted to pump down for
approximately 1 hour to obtain a 5%x10=7 to 9x10-7 millimeter mercury

~

tank pressure and a 5x10~6 to 9x10~¢ millimeter mercury bell jar pres-
sure. To start the ion engine, mercury propellant Tlow was turned on
by steam-heating the boiler. As the boiler reached temperature (3 to

5 min), the magnetic field, filament current, and anode voltage were
turned on. When sufficient density of mercury vapor bullt up in the
ion chamber, the ion chamber discharge started. Ion acceleration was
accomplished by raising the positive voltage level of the entire engine
except for the accelerator grid, which was lowered. The anode had the
highest positive voltage with the screen, distributor, and engine shell
electrically tied together 50 volts lower. Figure 4 gives a schematic
drawing of the electrical system.

Varicus combinations of accel-decel voltages were tested with suf-
ficient decel voltage to stop backstreaming electrons. To test for
sufficient decel voltage, the accelerator grid voltage was slowly in-
creased (towards ground potential) until the ground return current
started to increase, which indicated the start of electron backstreaming.
As the ground return meter was the basic measure of beam current, 1t was
important that no electrons be permitted to backstream, since high
erroneous values of beam current would be indicatsd. The filament emis-
sion was adjusted slightly to maintain a constant beam current as accel~-
decel voltages were changed. In addition, the engine was always (ex—
cluding run 8) operated at a constant propellant utilization of 0.8
(ion beam out divided by neutral mercury flow in). For configuration
8 the propellant utilization was 0.2Z.

0e?PT-d
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The ion engine was operated at beam currents from 0.034 to 0.43¢
ampere with the bulk of the data taken at 1/8 and 1/4 -ampere beams.
The maximum beam current of 0.435 ampere was used to obtain 0.010-pound
thrust at 5000-second specific impulse. TIon charber performance was
held approximately constant with 50 volts difference between the flla-
ment and the ion chamber (cathode to anode) and 2Z- to 27-gauss magnebic
field strength at the screen. The filament emission was varied to ob-
tain the required propellant utilization. Emission currents of L to 2
amperes were typical for the l/a—ampere veam; anil 3 to 4 amperes for the
1/4—ampere beam. At the end of a run (average length about 2 hr) the
screen and accelerator grids were measured for spacing and weight
changes.

RESULI'S AND DISCUSSION

While the ion chamber performance was held nearly constant, as
described in PROCEDURE, 1{ different sets of screen-accelerator grids
were tested over the ranges of accel-decel voltares wnile the Impinge-
ment current was noted on the second or accelerator grid. Summarized
data are given in table II, and fable III presents individual data
points. Data are plotted in figure 5 for one typlcal screen-accelerator
set and for two different levels of ion beam current. Accelerabor im-
pingement current is plotted as a function of Vg, total voltage on the
anocde; this is also the net voltage through whicrh the ion is finally
accelerated. Curves are shown for constant R values, where R 1s
defined as VI/(VI + IVAl), the ratio of net-to-total acccleration
voltage. (All symbols are defined in appendix A.) 8ince the accelerator
voltage is negative, the absolute value of V, must be added to Vg
to obtain the total acceleration potential difference. Impingemsn®
curves for the other grid confifurations were similar to fipure o and
are not plotted, although bhe results are included in tables IT and ITIT.

Child's Iaw Current

For every screen-accelerator grid set tested, there was a region
of operation at fairly corstant low impingement current for high values
of V. As the values of Vg and |VA| were lowered, keeping R

celerator lmpinge-
Celerator was be-
s held ccnstant, a

93

constant, there was a sudden and steep rise in the
ment current. This sudder rise indicated that tne ac
coming space-charge-limited. As the plasma scource wa
constant number of ions probably diffused intc the Ccelera001 svsten.
When the acceleration voltage was slowly lowered, a poi could be

reached when the ilons were no longer accelerated bhrou 1rids as

fast as they were recelved. hese accunanFPd ions mlyhu tiren randomly
be repelled by space clarre effects and rapidly increase the Impingement
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on the accelerator grid. Table II lists screen-accelerator grid spac- .
ings, the knee (point of rapid increase) of each impingement curve, the
breakdown voltage, and the percent of beam impingement at the minimum

part of the curve.

The total acceleration voltage at which the accelerators became
space-charge-limited was obtained by taking the value of Vg at the
knee of each curve and dividing 1t by R. This vcltage was used in the
Child's law equation to calculaste a beam current based on the screen
grid open area and distance between the grids. The following form of
Child's law was used to calculate saturation beam current between two
parallel plates:

Oz T-d

3/2 3/2
B~ 3 S0¥om 12 = e 12

where

Jg saturation beam current, amp

AV total acceleration voltage, Vi + lVAI, volts -
1 acceleration distance between grids, cm

AO screen grid open aresa, cm?

coulomb2
newton-meter

€g Dpermittivity of free space, 8.85x10™12

coulomb

+1 =
ilogram for Hg ions

% charge-to-mass ratio, O.4811x10°

The experimental beam current, expressed as a percent of the cal-
culated ideal Child's law current, is plotted in figure § against the
ratio of grid spacing to screen hole diameter. The proper grid spacing
1 to use was questionable because the thickness of the grids was large
compared with the gap between them. Figure B(a) has been plotted with
a grid spacing 1 from the middle or centerline of the screen thick-
ness to the middle of the accelerator thickness. Figure G(b) uses a
grid spacing 1 that 1s the actual physical gap between the surfaces.
For the wire grid configurations, the open space between wires in the
transverse direction was used instead of the hole diameter.

The first trend to be noted in figure & and in table IT is that
performance of the wire grids is lower and separated from the bulk of
data for multihole plate grids. The second trend is one of a higher
percent of Child's law current as the grid-spacing to hole-diameter
ratio increases. The third trend to be pointed out is the general
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lowerirg of percent of Chill's law current realizable as R, the net-
to-total accelerating voltare, is lowered for a given configuration
(constant grid spacing to hole diameter).

There was no straightforward explanation of fthe first frend except
that the wire, being a two-iimensional approximation, may distort the
electric field hetween the zrid plates more than the three-dimensional
multihole grids. The second and third trends wers interpreted in terms
of a grid aperture effect. Using equations for a plane triode with
parallel grid wires presentad in reference 7, the grid aperture effect
may be calculated as a function of grid spacing azd geometry. Detalls
of the calculation are pressnted in appendix B. The result of thnis
calculstion modified for the geometry of multihols grid plates is plot-
ted in figure 7 in terms of grid spacing and voltage ratios. Caleculated
values of the percent of 1deal Child's law current also increase as the
ratio of grid spacing to hole diameter increases. In addition, as R
is decreased, for a constant ratio of grid spacine to hole diameter, the
percent of ideal current again falls as in the experimental values of
figure 6.

Comparison of figures 6 and 7 shows the theoretical curves to fall
between the experimental sets of data based on two different accelera-
tion distances 1. This alinement should not be taken to mean that the
correct acceleration distance is somewhere between the two values of 1
chosen, as the calculated values in figure 7 coull shift according to
assumptions made in converting the plane triocde eguations to the multi-
hole grid case.

In addition, the calculations are based on the assumption that the
ions originate with zero velocity from some equipotential surface
(screen grid); this is probatly far from the case. The ions passing
through the screen grid should possess a substantial velocity (much
greater than thermal) and may already be focused oy the geometry of the
plasma sheath through which they have passed. Unfortunately for
analysis, the geometry of the plasma sheath does 10t constitute an
independent variable but will itself undergo modifications as Vg and
R are changed. Also, there is a possibility that all the configura-
tions have too low experimental values of the percent of Child's law
current because the entire zrid area was not used effectively. The
overall plasma sheath prcfile might have furnished more ions to the
center of the grid than to the outer edges for acceleration.

The scatter in the experimental data of figure 6 is to be expected
when considering (l) the many different screen-accelerator configura-
tions included, (2) the tolerances in holding the grids parallel in any
one configuration, and (3) the possible errors in picking a "knee value"
for the saturation voltage from curves such as those of figure &, If
one corfiguration is corsidered at a time and only the screen-accelerator
spacing is changed, the change in the percent of Child's law current



does seem to follow the grid aperture effect more closely. Figure 8
shows just two configurations with the calculated grid aperture effect
curves. The data for configuration 1 fall almost on the calculated
values, while the data Tor configuration 7 lie parallel to and uniformly
above the calculated curves.

Breakdown Voltages

Before each run and with no propellant flow, the total breakdown
voltages of the screen-accelerator grid configurations were measured
and found to vary between 6000 and 13,000 volts. The breakdown voltage
while the ion engine was operating was generally about two-thirds the
no-flow breakdown value but was not always at a definite point. Some-
times the engine would operate for a minute or two, long enough to re-
cord a data point, and then voltage breakdown would occur. Attempts to
immediately restart the beam at the same voltages were usually unsuc-
cessful, and only a lower voltage point would be stable. The lower
breskdown voltage was thought to arise from the increased bell jar pres-
sure caused by the first breakdown. In general, the ion engine would
arc at even modest voltages, 2000 to 3000 total volts, when the bell
Jjar pressure rose much above 4x10~° millimeter mercury. The bell Jar
pressure would rise as the ion engine became hot (2500 C) during the
course of operations. The beam of the ion rocket apparently had a
pumping effect on the bell jar, as the ion gage reading would lower by
1X10=% to 2X10~° millimeter mercury when the accelerating voltage was
turned on.

Values of breakdown voltages while operating are plotted in fig-
ure 9 as a function of the surface-to-surface grid spacing. TNot all
runs were tested up to breakdown. These runs are listed in table II as
having breakdown voltages greater than the maximum voltage tested. The
breakdown voltage was higher for higher grid spacings, as expected, and
values of field strength at breakdown were typically 2000 to 3000 volts
per millimeter for grid spacings of 1 to 3 millimeters. Grid spacings
of less than 1 millimeter were not investigated because of the diffi-
culties of fabricating and maintaining such small spacings over a 10-
centimeter diameter. Also, these small spacings would probably cause
breakdown at voltages too low for the desired operating range of spe-
cific impulses.

The scatter of data in figure O was probably due to (1) some break-
downs occurring across the insulator balls (rather than the grids) when
ball surfaces were partly coated with sputtered metal, (2) breakdown
occurring at lower voltages because the grids occasionally were running
not (up to 1000° C) from high impingement, and (3) thermal distortion
altering the grid spacing.

OevT-d
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Impingement and Charge Exchange

In the constant part of the accelerator implngement curve (typical
curves shown in fig. 5), the impingement current was generally less
than 1.0 percent of the total beam current for the l/8-ampere beams and
0.9 to 1.7 percent for the 1/4-smpere and greater beams. Most of the
l/B—ampere bean data with more than 1.0 percent impingement was obtained
at bell jar pressures greater than 2x10~° millimster mercury. The min-
imum beam impingement for all runs, presented in table IT and plotted
in figure 10, occurred near the knee of the curve and was followed by
either a gentle rise or no rise at all in the impingement as Vy was
increased. The impingement data for the non-space-charge-limited case
(level portion) were thought to be partly a function of charge exchange
between the ion beam and neutral molecules, and a discussion of this
interaction follows.

Two sources of neutrals were considered: (l) the Z0-percent non-
ionized propellant from the ion chamber, and (2) diffusion of molecules
from the bell jar or vacuum tank. TITons that lose their charge to neu-
trals either between the screen and accelerator grids (zone 1 in fig.

4) or in the downstream deceleration region (zone 2 in fig. 4) would
contribute to the metered impingement current, as these low-velocity
charge-exchanged ions could not escape the negative Tield of the accel-
erator. The following equation was used to calculate the percent of
the beam undergoing charge exchange:

N -0ngX

Ny
where

NO total number of ions in beam

N number of ions passing through without undergoing charge exchange
a charge-exchange cross section, 1.2x10" 14 epé (ref. 8)

Ny neutral density, molecules/cm3

X distance that ion trevels through neutrals, cm

The percent of ions losing their charge would be:

Ny - N
N,

-0naXx
e ]

= (1 - 100, %
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and, for small values of ongx,

Nog - N
—Oﬁ——z (ongx)100, %
0

The following table summarizes the calculated percent of beam
charge exchanged for run 6 at 0.lzZ5-ampere beam current.

Zone Ny mol/cm5 X, VI’ R Percent of beam Impinge~
cm undergoing charge | ment cur-
volts
exchange rent, %
Engine Bell jar Engine Bell jar | of meas-
neutrals | neutrals neutrals | neutrals | ured beam
current
1 21011 ow10ll 0.403 | mmemm | == 0.15 0.10 ———
2 zx1011 | 2x101l |o 3000 {1.0 | © 0 0.44
. 656 .8 .24 .16 .56
1.118 .6 .41 .27 .78
0 3500} 1.0 0 0 - :3
.744 l .8 .27 .18 .66
1.257 .6 .48 .31 .84

It was assumed that o equals 1.2x10"14 square centimeter for
all mercury ion velocities from 2000 to 8000 volts. The two values of
n, Wwere based either on (l) the 20-percent nonionized mercury propel-
lant flowing from the ion chamber at 250° ¢ or on (2) the bell jar ion
gage reading of 1.8x10-° millimeter mercury at 25° C. As mercury was
assumed to be the major gas constituent, an ion gage correction of one-
third (ref. 9) the number of molecules per unit volume was used to cal-
culate n, for the bell jar. If the nonionized mercury flowing from
the ion chamber were heated by ion chamber collisions to S electron
volts (58,000O K), the calculated value of n, would be lower by a
factor of 10 at thls higher temperature. The value of x was the
sereen-accelerator spacing for zone 1 (fig. 4). The value of x for
zone 2 was calculated by equation (45) of reference 10 using Vi, R,

and Jy and solving for x, the deceleration distance for space-charge-
limited flow between the accelerator and a virtual downstream ground
electrode. Equation (45) of reference 10 gives a calculated x value
of O for R = 1.0; but, in operating the lon rocket in a vacuum tank,

a small deceleration distance probably exists between the accelerator

at ground potential and a positive space charge of about +30 volts in
the plasma of the tank.

Oe?T-H



E-1430

11

The measured accelerator impingement values were a combination of
the direct ion impingement plus charge-exchange ions. Because the cal-
culation method was very approximate, it should not be used to deduce
the amount of direct impingement but rather to compare trends in the
impingement curves as the acceleration and decelsration voltages were
varied. Tt does, however, indicate that up to one-half the total im-
pingement current could be due to charge exchangs.

The higher impingement with lower R, noted in figure S(a), can be
explained by the charge-exchange current increasing as more deceleration
voltage was used. A slight increase of impingement with Vg for each
R curve was a result of a large total-acceleration voltage causing a
longer x for zone 2 and an increase in the percent of charge exchange
as noted in the preceding table.

When screen-accelerator grids were run with larger holes in the
accelerator, it was expected that impingement might be less because the
larger downstream holes would require more random motion of the ions
for the same amount of direct impingement. Runs 7 and 11, with larger
accelerator holes, showed no noticeadle change in impingement current.
These runs seem to support the charge-exchange theory as accounting for
much of the impingement current, but there is also the possibility that
the increased divergence of the electric field spreads the ion flow as
the downstream holes are enlarged.

Operation of an ion engine in space could eliminate the contribution
of the "bell jar neutrals" to the overall neutral density. Thus, space
operation should result in less accelerator impingement current losses
and less sputtering damage to the grids.

Pierce-Type Grids

In an attempt to improve the ion optics of the multihole grids,
each hole in the screen was beveled on the downstream corner to an angle
of 45° (configuration 14) and 33° (configuration 15), as shown in fig-
ure 3(d). The object of the screen angle was to focus the beam into
the accelerator hole and thereby reduce ion impingement on the accel-
erator. The design followed the general principles derived by Pierce
in reference 11, but the actual angles were chosen for mechanical re-
quirements as mentioned in the procedure. Data for these configura-
tions are included in table II, but were not plotted in figure & be-
cause these screens were a unique geometry change from the unbeveled
screen of configurations . to 11.

For runs 14 and 15 the accelerator impingement values were the
lowest of the entire program (0.2 to 0.4 percent), but at the same time
the bell jJjar pressures were low, which indicated that less charge
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exchanse should occur. It was difficult experimentally to separate im-
pingement current and charge-exchange current. When the ion vockel was
running at low impingement, the accelerator grid was cool and produced
less neutrals from sputtering, which resulted in less charge-exchange
current.  When the ion rocket was running at high impingement, however,
the neat of the acceleralbor grid caused more neutrals to be generated,
leading to a hirher charge-exchange current. The percent of Child's law
current achieved was about the same for the 459 angle screen hole as for
the normally drilied screen hole configurations but was about 10 to 15
perecent less for Lhe 33° angle screen hole.

Ton Beam Profiles

The molybdenum-tipped probe described in the section APPARATUS was
traversed across the beam, =nd the resulting current picked up by the tip
was plobtted on an x-y vrecorder. The minimum distance of the probe
tip from the accelerator grid was 12 centimeters. Beam profiles for
various specific impulse or ion voltage levels are shown for configura-
tion ¢ in figures 11(a), (b), and (c) and for configuration 14 (45°
angle screen, but also similar for configuration 15, 33° angle screen)
in figures 11(d) and (e). The current from the probe tip should in-
dicate the number of ions striking the cross-sectional area of the probe
tip. Secondary electrons penerated by the lons striking the tip would
canse an error in the probe current, but this error was neglected be-
cause it would be proportional to the lon current and would not affect
the profiie. At or above tank (ground) potential the probe current was
very sensitive to probe polential, which indicaled tihat electrons were
striking the probe. Below -5 volts, where the probe bias was pgenerally
12ld, and to =200 volts, the maximum bias tried, the probe current be-
came insensitive to potential, so that the electron contribution to
probe current was probably negiigible in this range.

[o—

The profiles at low impulse were bread and flat, and at higher
impulse they became progressively more peaked at the center. These pro-
files could be explained by a center-peaked profile exiting from the
ion chamber plasma sheath. At high impulse there was enough voltage
drop across the grids to accept all the ions at the peak, but at lower
impulses the peak was partially cut off because of space charge limita-
tions at the center. To satisfy the operational requirement of constant
beam current, the filament emission had to be slightly increased at lower
impulses, which increased the plasma concentration arriving at the
screen. As the center of the grids was probably already space-~charge-
limited, only the outer parts could pass morc current; and thus the
profile was broadened.

Oev1-d
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Grid Material and Sputteriag

Molybdenum appeared to be the best grid material of those tested.
The sputtering erosion with tungsten was almost as low as that obtained
with molybdenum, but tungsten appeared to have a greater tendency to
warp. In view of the fabrication problems, tungsten was considered a
poor second choice. The tantalum grids sputtered so excessively that
electrical breakdowns were very frequent. Copper grids were tried be-
cause of their high thermal conductivity, but the copper accelerator
grid when heated by 15-milliampere impingement current became badly
varped. Although no data are presented in this report, nonmagnetic
stainless~-steel grids have been successfully used by a coworker on a
similar 10-centimeter-diameter ion engine. As long as the impingement
current was kept below about 20 milliamperes, the stainless steel ap-
peared to perform as well as molybdenum. Where large impingement cur-
rents and grid heating may occur, however, molybdenum grids should def-
initely be used.

For a l0-centimeter-diameter ion engine the accelerator grid thick-
ness should be over O.l-centimeter-thick molybdenum to avoid warping
from heat effects and distortion from handling. A grid thickness of
0.13 centimeter in configurations & and 7 performed excellently and was
not considered excessively heavy. Thinner grids were tested (such as
configuration l), but they warped after running at conditions of moder-
ate impingement. The closest to parallel that a grid set could be as-
sembled, run, and remeasured was 40.02 centimeter, measured at five
random locations between the grids. Normally, this deviation might be
two to three times higher. As long as the closest points did not arc,
there seemed to be no adverse effects due to slightly nonparallel as-
sembly. The grids of configurations 1 and 2 warped enough to touch to-
gether under conditions of excessive impingement. As the accelerator
grid generally heated and warped more than the screen grid, the screen
grid could probably be made of thinner material and still retain its
shape.

Sputtering of the screen and accelerator grids was measured by grid
weighings before and after a run. Table II presents the accelerator
weight loss, the screen welight gain or loss, and the ratio of the actual
accelerator weilght loss tc a calculated weight loss. Calculation of the
weight loss involved taking, for each data point, the operating time,
the impingement current, and the ion voltage VA + IVIl. Using sput-

tering rates from references 12 and 13, the calculated loss for each
single data point was computed and summed up to obtain the total cal-
culated weight loss of the run.

The sputtering rate for molybdenum is summarized in figure 12 as a
function of impact ion energy. The ratio of actual-to-calculated accel-
erator weight loss varied from 0.9 to 2.9. These data were not taken to
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study sputtering but rather as a measure of how long the accelerator
grid plate might last. If the grid plates were to wear evenly for a
long-duration run, accelerator plate lives of the order of 1000 hours

or better were indicated for even the most severely sputtered runs. The
length of a single run, up to several hours, was in general not long
enough to pinpoint the places of maximum grid wear. A total running
time on grid set number & of about 20 hours produced more wear or etching
at the center, but the actual thickness change measured was less than
0.003 centimeter. Much longer grid lives can be expected when the grids
are not operated over a range of high impingement values as was done
during this experimental program. Some of the data scatter may be due
to the initial vacuum conditioning or sparking pericd. The weight loss
attributed to sparking during the surface cleanup and outgassing was not
known but would vary considerably with the handling prior to testing.

The ratio of actual to calculated sputtering rate was generally

- lower for molybdenum grids than for other materials. Eighty percent of
the runs using molybdenum had ratiocs between 0.9 and 1.45; while copper,
tantalum, and tungsten grids averaged 2.0. Tantalum grids caused the
most severe breakdowns between the grids of any material tested; these
breakdowns were accompanied with a shower of metal sparks from the
engine.

The last two runs, 14 and 15, with molybdenum grids had very high
sputtering ratios. The actual weight lost was about the same as other
runs; but the low bell Jar pressure caused less charge-exchange current,
and therefore a lower calculated loss resulting in a higher ratio of
actual to calculated sputtering.

CONCLUDING REMARKS

In an evaluation of accelerator grid structures for a 10-centimeter-
diameter electron-bombardment ion engine, the percent of Child's law
current passed by the grids increased as the ratio of grid spacing to
hole diameter increased. This percentage was generally lowered as R,
the ratio of net-to-total accelerating voltage, was reduced. It was
also lower for wire grids than for multihole grids at the same ratio of
grid spacing to dimension of opening (hole diameter for plates, and
clear space between wires for wire grids). With the accelerator impinge-
ment usually less than 1 percent of the total beam current, accelerator
grid lives of the order of 1000 hours were indicated if the grid plates
were to wear evenly.

The maximum current through a set of grids was obtained by using a
minimum spacing between grids and minimum hole size. Even with grids
of molybdenum, the best of the materials tested, the surface grid spacing
should be no less than 1 millimeter because of fabrication and warpage

oe¥1T-d
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problems. At high impulses this distance may have to be increased be-
cause of electrical breakdown occurring at 2000 to 3000 volts per milli-
meter. The ratio of grid spacing to hole diameter should be about 1.5
or less to reduce impingement and greater than 0.6 to avoid electric
field distortion. The selection of hole size may also involve the ion
chamber, in that smaller noles may be less efficient for ion extraction.

Iewis Research Center
National Aeronautics and Space Adminlstration
Cleveland, Ohlo, October 2, 1961
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APPENDTIX A
SYMBOLS
Aq screen grid open ares, cm®
a distance between grid wires of a triode, cm
B axial magnet field at screen, gauss E
i~
d distance between accel-decel planes, cm 8
J current, amp
1 acceleration distance between grids, cm
N number of ions not charge-exchanged
Np total number of ions in beam
ng nammidawmypa'wﬁ
q/m charge-to-mass ratio, 0. 4811x10° coulomb/kg for Hg+l
R ratio of net-to-total acceleration voltage, V/(Vy + 'VAl)
S screening fraction of a triode
v potential, volts
AV total acceleration voltage, Vi + lVA‘
X distance that ion travels through neutrals, cm
o coulomb®
€0 permittivity of free space, 8.85X10° [ ion-meter
u amplification factor of a triode
o charge-exchange cross section, em?
Subscripts:
A accelerator
B beam
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filament

anode

plane of screen grid
plane of accelerator grid

plane of virtual decelerator

17
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APPENDIX B

GRID APERTURE EFFECT

As discussed in reference 7 and given by equation (5) of reference

14, the actual space-charge-limited current Jg.¢ for plane triodes

with parallel wire grids is

v, 3/2
(S
Jact Vy - V2
Jideal dq3\4/3
VS
where J 1s the space-charge-limited current for a plane diode

ideal

(B1)

with spacing dyp; and Vg, Vo, and dyz are defined in the following

diagram.

Virtual
Screen Accelerator decei;rator
O
7 /
/ S
/ Peod %
2 7
/‘ C) 4
/ L/
/] a /
/ o 4
z L
/) 9
A @)
7 2

Potential O

Distance

og¥vT-d
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The amplification factor p in equation (Bl) was calculated from equa-
tion (7.69) in reference 7.

do
1n cosh nS - 2x 3

431'@.23

1n tanh #8 - 1n|l - cosh®xS exp(——a—

uo= & ) (B2)

The following assumptions were made to estimate qualitatively u
for a multihole grid configuration:

(l) dyp = dsz, the acceleration gap betweer grid plates, equals

the downstream deceleration length.

(2) a, the grid wire spacing, equals the diameter of a hole in the
miltinhole grid plate.

(3) S, the screening fraction, is the web thickness between grid
holes divided by the sum of the hole diameter plus the web thickness.
The screening fraction S was calculated for accelerator grid confilg-
uration 6 to be 0.15.

With u estimated for the multihole grids from equation (BE), the
percent of ideal Child's law current was calculated from equation (B1)
by using:

V1 =V, voltage on ancde of ion engine

Vo =V voltage on accelerator grid

a8’

V1

VI + Val

R =

1l

Ratio of grid spacing to hcle dlameter

dyz = 2dqp, because dqs = dpz was assumed

These calculations are plotted in figure 7 for a range of u and
R values. PFor easier comparison with experimental data, dlg/a is
plotted as the abscissa instead of .
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10.

11.

1z.

13,

1l4.
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TABLE ITI. - INDIVILUAL DATA POINTS OF THE PERFORMANCE DATA OF TASLE II

[AVI = -50 volts for all runs. )

E-1430

Ve | Var | Jps |Tas (Jpe|dps | B At [Bell | R Run | v, | var | o {JAs  [TTs [TFs
volts{volts| amp gereen,| Jar volts[volts| urmp [amp |amp|amp|® T
£a.33 | pres- $10%
SUre,
mm Hg
X107
3500 0 |0.245] 5.0|Z.4]|2.0] 27 3.5 (1.0 {|3(a)] 3500 |-1400(0.125] 2.0 |1.5|1.0f =22 2.7
3000 # 4.7 2.1 2.0 * 3000 [-1200 2.0 1.1
275 7ot 2.8 3.5 2500 |[-1000 1. 1.1
2000 | —+00 2.2 1.2
2500 |-1000 3.0 2.5 2.0 | .72 1°00 | -720 2.3
2200 5.4 (3.002.0 2.F ¢ 1700 | -0n0 2.7
2100 7.003.502.8 2.8 1600 | -u0 5.7
1500 | -00 11.0
-2000 2.713.1 2.5 | .6
-10 2.412.2 2.5 2000 |-2000 2. L
-1230 PR 2.6 2400 |[-1400 2.t 1.2
-12¢5 5.5 ‘ Jr 1000 |-1200 2.5
-1200 7.8 1400 {-100 2.1
1500 |-1000 3.
"0CO [-2:00]0.245] Z.0[3.1(2.0| 22 2.4 10.72 1400 | -930 5.0
£0C0 | -2000 2.0]3.5]| 2. 2.4 1300 | -%70 7.5
4000 |-1200 Cel 3.7 2.7 2.3
3750 |-1500 ERGE I P 2.3 1400 |-2100 3.0
2500 |-1400 13.0l4.2|3.2 2.2 1200 |-1400 2.
1100 |-11550 2.
3500 {-1400{0.125| 1.4 |1.8[1.1] 2z 2.0 [0.72 1000 |-1500 1.3
3000 |-1200 1.5 1.2 1.6 800 |-1350( Y .3 Y Y z.1
2500 |-1000 1.9 1.7
2500 |-1000 2.0 1.2 2.1 4000 |-1000| .2%0] 2.7 [5.0(2.5 2.3
2400 | -950 z.0 i 2.0 3500 |[-1400 2.7 2.8
2250 | -%00 10.0 ¢ 3000 [-1200 3.0 l 3.5 ¢
2000 | -P00 18.0 L Y 2500 |[-1000 2.5 4.5 2.1
3500 |[-2320 2.3 1.1 2.1 | .5 |32} 1000 [-1F00 .6 |4.2]3.2] 22 2.5 2
7000 [-2000 2.3 2.1 3700 2.0
2500 |-1060 2.1 2.2 3700 |-1440 4.2
2100 |-1400 2.4 3500 |-1400 5.7
2000 |-1320 4.2 3400 |-1350 7.2
21500 |-1200 t.51 ¥ 1 2000 |-1200 4.0
2000 |-2000 .3 |1.4(1.0 i 4000 |-2570 3.2 |5.0]3.0
1600 [-2400 2.5 1.3 200 |-2330 4.9
1500 |-2250 2.0 1.1 3300 |-2200 4.4
1400 |-2100 1.7 1.2 22 3100 |-20:0
1200 [-1950 6.3 1.2 3000 |-200C £.1
1200 |-1800 12 1.4 2900 {-1940 8.2
1000 |-1500 0 | Y |14 SN
4 3000 |-100C|0.250] © 4.0|2.2] 23 2.7
5 3500 [-200C 211.5(1.2] 25 2.4
3000 |-200C 2.4
3000 [-150C l 2.
2500 |-200C & z.0
2500 |-150C 1.0 *
2500 [-100C 1.0
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TARLE TII. - Continued. INDIVIDUAL DATA POINTS OF THE PERFORMANCE DATA OF TABLE IT

[avy = -50 volts for all runs. ]

0¢yT-4d

Run | Vi Vas Jgs JA’ J'I, Jps | B at | Bell R Run | Vps Var Jgs JIps J'I, Jg,| B at | Bell
wolss|volts| amp | amp |amp|amp [FC¥ESH,] Jar volis|voits| amp | amp |emp| amp|ScTeens| Jar
)0_03 gauss pres- Xlo3 gauss pres-
sure, sure,
mm Hg mn HE
x10° X105
[ 4000 0] 0.125| 0.20(1.8j1.¢ 22 1.7 (1.0 3 2500 |-250010.241} 3.7 {3.7] 3.0 22 2.4
2500 B2(1.811.0 1.7 2250 {-2250 2.5 | 371 2.9 2.4
2000 55(1.211.7 1.9 2000 |-2000 3.3 | 4.0 3.4 2.2
2700 LEO{1.911.7 L 1830 |-1830 4.3 | 4.3 3.8 2.3
2500 1.40]2.112.0 1700 |-1700 9.1 | 4.8 3.9 2.4
2500 1.8 {2.111.9 2.0 1600 {-1600 z0 5.8 5.0 2.3
2300 £.3 {2.3|2.2 1.6 2000 {-3000 4.1 13.6] 2.8 2.4
1670 |-2500 3.7 | 3.8 3.1 2.5
3500 ~575 L82{1.6[1.4 1.7 .8 1430 [-2150 5.9 4.2 3.5 2.5
3000 -750 .70{1.8|1.C 1.8 1400 [-2100 10 4.8} 3.9 2.8
2500 -4258 .7012.0[1.€ } 1330 [-2000] .230)40 5.7 5.0 2.4
2200 ~-550 Ole. el 2.2
2000 -300 2.8 |2.4|2.2 1.3 4500 |-1125| .308| 2.6 |5.8] 4.5 1.5
1200 -478 S Z2.6|2.8 1.5 4000 |-1000 2.8 [5.5] 4.6 l
3500 -875 2.9 | 5.0/ 5.2
3500 [-2330 1.05]|1.5]1.3 1.4 a8 3200 -800 fe4d | 6.5 5.3 1.6
3000 (-2000 L08(1.6(1.4 3000 -750} .300|20 7.0{5.3 1.5
2500 |-1560 L92(1.7(1.55
2000 |-13320 .90{2.0}1.85 3300 |-2200| .308] 3.5 [5.2] 4.3 1
1500 (-1200 2,9212.1(1.9 3000 | -2000 * Z.4 |5.7 4.7
1550 1-1100 .9412.2|2.2 2400 |-1600 8.2 |6.6/ 5.3 1.7
1570 |-1080 1l.4212.4]2.3 2100 | -1400{ .280{20 Ee6] 5.3 1.9
1200 {-1000 5.5 |2.6]2.5
1500 |[-1000 3.5 |2.8]2.7 A 2000 |-3000| .308] 4.0 {5.2] 4.1 2.0
1670 |-2500 L 6.6 15.8/ 4.8
2000 [-2000 «3811.E| 1. 35 1.2 .4 1530 [-2300 11.0 |C.2[ 5.2 l
1670 |-2500 1.0011.611.4 1400 |-2100| .200}(18 B.4| 5.4
1330 |-2000 .B511.9{1.8
1200 |-1£00 «91]2.112.0 7(&) 4500 0 0.125| 0.72]1.4[1.1 22 2.2
1100 |-1850 1.3 |2.2i2.1 3500 WB41.81 1.3 3.2
1000 |-1500 7.1 |2.5]2.5 2500 .60l 2.0} 1.7 3.4
2200 572.4{ 2.1 2.5
1285 |-3000 1.1 [1.811.4 3 2100 1.00{2.4] 2.1 2.5
1070 |-2500 1.6 11.8(1.79 2000 Ge3 12.8] 2.5 2.7
G -2200 1.6 4 1.7
300 |-2100 30 1.7 ¥ 3500 -875 .83]11.71 1.4 2.2 8
3000 =750 L,83]1.8/1.4 2.3
4500 |-1125] .241) 2.5 |3.3[2.5 2.2 .8 2000 -500 +.80{2.01 1.8 2.4
1000 |-1000 2.4 13.4(2.6 3.1 1700 -425 .G68[2.3| 2.1 2.3
3500 -875 2.3 14.1|3.4 2.0 1600 -400 4,1 {2.8/2.5 2.2
2370 -840 3.8 (4.1 ‘ 2.1 1500 -375 G+4 [2.8] 2.6
2200 -800 6.5 (4.2 2.2
2000 -750 18.0 |1.5]3.2 2.2 Y 3000 |-2000 1.0 {1.7]1.4
2000 {-1330 .89|2.0| 1.8
2300 }-2200 3.15(3.6] 3.0 2.0 1) 1500 |-1000 .B8|2.4) 2.2 2.3
2000 |-2000 3.2 |3.7]3.0 2,0 1300 -870 1.0 |2.8{2.4 2.3
2R00 {-1870 3.4 [3.9]3.1 2.1 1200 -800 5.0 |3.0{2.8 Z.4
2570 {-1710 L 4.7 |4.0}3.2 2.2 2000 | -3000 1.1 |1.7(1.4 1.9
2400 |-1£00 fud [4.2]3.4 2.3 | Y




TAELE IIT. - Continued. INDIVIDUAL DATA POINTS OF THE FERFORMANCE DATA OF TABLE IT

[aVy = -50 volts for &ll runs. ]

E-1430

Run | Vg, Vo Jps Jps |I12 JF’ F at [Bell | R Run| Vi, Vae Jps Jps (J1s |Ips B at
volts|volts| amp | amp |amp|amp [3°Feen,| .8 volts|volts | amp | amp |amp |amp [BSTe€Rs
3 gauss | pres- % gauss
X10 sure, X410
mm Hg|
Vel
7(5.) 1300 [-2400(0.125| 1.0 [1l.&|1.4 22 1.8 | 0.4 9 1400 | -2100 |D.125| 4.3 2.0 22
1200 {-~1200 L93(2.1(1.4 1.9 1000 | -1300C 4.0 2.1
1000 |-1500 1.1 j2.4{2.1 2.0 3900 | -1350 Zef j====] 2.5
300 |-1350 5.0 |2.8[2.4 2.0 800 | -1200 7.1 {---=| 2.5
700 | -1G50 14.4 { ----| 2.0
1200 | -2£00 <391 1.9 1.0 1.7 3
1100 [-2570 1.0112.011.7 1.7 3500 -E75 ] .250) 2.1 5.0
1000 |-2330 1.8 {2.0(1.7 1.8 2000 -750 Z2.2 5.3
350 | -2200 9.0 {2.7|2.0 1.9 2500 ~-£25 2.3 Ced
300 |-2100| .120} 3.0 |3.0]/2.3 1.9 4 2300 -575 3 5.0
2200 -850 G2 5.0
3200 -900| 243 3.3 <520 2.4 » 5 2100 -525 Ted | =-==-=| £.0
3000 -750 2.0 j4eff2.0 2.4 2000 -200 13 —-—-| E.2
2700 -575 Z.7 14.913.5 2.5
2500 -t:50 5.2 l L 2250 | 1500 245
2300 -525 Jed L r 1800 | -1200 2eD
1700 | -1130 2.7
3750 | -2300 4.4 2.2 .6 1500 | -1C70 Eed
3000 | -2000 3.1 2.2 1500 | -1C00 8.5
2500 | -16870 3.0 2,3
2100 | -1400 4ed 2.4 1600 | -2400 2.7
2000 | -1330 1.5 2.5 1400 | -2100 3.7
1300 | -1270 10.0 2.6 r 1200 | -1500 2.5
1100 -lE50~ { £.0
2000 }-3000 3.9 2.4 o4 1000 | -1500 17.3 4
1500 | -2400 4.0 2.9
1550 | -2310 4ol 2.9 4500 | -1150 | 438 4.1 29 2.0
1500 | -2250 7.5 3.1 3800 -850 4.l 23 2.0
1400 | -2100 34 2.t Y 3000 ~750 4.5 31 2.7
2900 -725 5.1 2.7
A 4500 | -1000[0.032{ & O.4(0. 1 22 1.6 {0.78 2800 =700 8.8 2.F
3300 034116 PR 1.2 2700 =075 10 2.7
3500 .050| 50 2eF[2.2 2.2 2500 -£25 18 2.7
G 3000 -750]0.125] 1.1 |[---|2.0 22 1.0 [ 0.8 4000 | -1¢00 4.0 9 5.0
2000 -500 CBE[ =] 34 3000 | -1200 4.0 10 3.0
1700 -425 92 Z.3 2500 | -1C00 5.6 2.8 3.0
1700 -400 l1e3 |==={ka3 2500 | -1C00 11.0 3.5 3.2
1300 =375 2.0 |---{4.4 2250 ~%00 A 29 10 3.0
1400 -350 3.0 |[---]4.5
1300 -325 9.2 | -=-} .7 4 10 2200 C 2.250} 3.1 3.4] 2.8 22
2000 Z.1 4.41 3.4
2700 | -1800 2.2 {---|2.0 .6 1900 4.9
1300 | -1200 2.0 |---|2.1 1.6 1800 5.7 l l
1500 |~1000 2.1 |---|2.3 1750 8.7
1300 -850 2.3 |---]|2.4
1200 -800 5.3 |---]2.5 2000 -500 3.€ 3.8] 2.8
1100 -730 10 ---12.7 1£00 -400 2.€ 4.3] 3.8
1300 |-2700 dafi 1 ===}1.3 z.2 o4 1500 -275 4.2 4.2 3.4
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TABLE IIT. - Continned. INDIVIDUAL DATA POINTS OF THE FERFORMANCE DATA OF TABLE II
[avy = -50 volts for all runs.]
Run| Vy» | Var | Jm0 | Jar |Tpo[9p | B 8T Bell | R || Rn| vy, | Vas | Jps | Jpo |Jps | Jpe [ B 8t |Bell | R
volts|volta| amp | amp {emp|emp S;;i:rs“ Pi: volts|voltsl emp | emp jamp | amp [SC¥EER Ja:
- gauss prea-
x10% sure, x03 sure,
mm Hg m Hg
X105 x10°
10 | 1400 | -350[0.250] 9.0 {5.0{4.2 22 2.2 lo.s || 12 {1400 |-2100p-125 | 3.9 [1.3} 1.2 25 1.1 0.4
2250 |-1500 4.8 |2.8]2.0 3.4 | .6 1300 |-1950} .125 | 6.5 |1.3] 1.2 25 1.1 | .4
1500 {-1000 3.4 [3.7}2.8 2.6 5500 |-1375] .250 | 2.6 |2.7| 2.2 27 2.6 | -8
1350 | -900 3.9 |3.8]|3.0 4.0 5000 |-1250 4.2 |2.8] 2.2 2.6
1300 -865 4.4 13.813.0 ‘ 4800 {-120C 6.0 |2.9] 2.3 2.8
1200 | -800 17 4.0|3.2 4
4600 |-1150 9.5 {2.9] 2.3 2.6
2000 | -2000 3.2 {z.0(2.6 2.2 { .5 4400 }-1100 15.0 |2.9| 2.3 2.8
1500 |-1500 5.1 [3.2]2.5 ‘ 4000 |-1000 31 3.0| 2.5 2.7
1200 |-1200 3.0 [3.9]3.2 4200 |-2800 4.6 |2.8] 2.3 2.5 | -€
1100 |-1x00 %4 {3.913.2 2.3 3900 [-2600 12.5 |2.8] 2.3 3.4 ¢
1000 |-1000 6.3 [4.5|3.8 2.2 3750 |-2500 14.0 |2.9] 2.3 3.0
1400 |-2100 3.1 [z.0]2.32 2.3 ] .4 1] 13 | 6000 o |o.125| o.75{1.0] 0.8 22 2.3 |1.0
1000 | -~1500 4.6 |=z.8[3.2 5000 L61{1.1] .9
900 |-1350 5.4 {4.1[3.5 l 4000 .55}1.21 1.0
800 |-1200 13.7 {4.6|3.9 3750 .93l1.41 1.2
3600 2.2 [1.5] 1.3
11 | 2750 | -ceslo.125] 0.8 [5.8}4.6 20 2.5 0.8 3500 2.6
3400 3.2
12 4000 | o lo.125] 0.8 [1.3]|1.2 25 1.1 |1.0 3300 4.8
3600 1.0 3200 6.4 | ¥ L 2.2 1Y
3500 1.3
3400 2.0 4400 {-1100 .79{1.41 1.2 2z l .8
3300 3.8 4000 | -1.000 .72f1.44 1.2
3200 5.4 3600 | -900 .6911.5¢ 1.3 2.4
3000 9.0 Y 3200 | -600 .88 1.3 2.4
3000 | -7504 1.85 1.4 2.3
4000 | -1000 .84f1.111.0 .8 2900 | -725 2.4 2.3
3000 | -750 .90|1.2]1.2 2800 | -700) 2.0 2.4
2900 | -725 1.50 2600 | -875 6.6 } 4 2.3
2800 | -700 1.74
2700 | -675 3.6 3900 | -2600) 1.15(1.41} 1.2 * .6
2600 | -650 3.5 3000 |-2000 L91f1.4] 1.2
2500 | -625 704 Y 2400 |-1600 1.35(1.6] 1.4 2.2
2300 |-1530) 1.84 2.3
4500 | -3000 2.1 |1.0f .9 .8 2250 |-1500 2.2 2.2
3900 | -2600 1.5 |1.0] .9 2100 |-1400) 4.1 l’
3000 | -2000 1.0 |1.1f1.0 2000 |-1330 6.1 Y P »
2400 | -1600 .81(1.z2§1.2
2300 | -1530 .89|1.3{1.2 2000 | -3000, 1.05|1.4] 1.2 22 2.0 | .4
2200 | -1460 1.72{1.4[1.3 1800 |-2700 1.00{1.5] 1.3
2100 | -1400 3.5 l l 1700 |-~2550 1.05(1.6} 1.4
2000 | -133%0 4.8 1600 |~2400) 2.05
1500 {-2250 3.1 l
2000 {-~3000 1.10{1.141.0 .4 1400 |[-2100 5.4 1
1800 [-2700 .98(|1.2{1.1
1600 |-2400 1.00{1.3|1.2
1500 | -2250 1.4 |1.3{1.2 4

0¢PT-2
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TARLE ITI. - Concluded.

INDIVIDUAL DATA POINTS OF THE

PERFORMANCE DATA OF TABLE II

[avy = =50 volts for all runs.]

Run VI; VA; JB; JA’ JI; JF’ B at Bell R
volts | volts | amp | amp | amp | amp |SC¥Sens | JAT
103 gauss pres~
sure,
mm Hg
x10°
14 | 4000 | -1000 | 0.125| 0.28} 1.7 | 1.4 21 1.9 | 0.8
3500 -875 .24 22 1.7
3000 -750 .23 22 1.6
2700 -675 .30 1.9
2600 -850 .37
2500 -625 .60 1
2400 -600 1.62
2300 -575 2.40 Y 1.6 Y
2550 | -1700 34| Y | 1.8 20 1.4 .6
2100 | -1400 .29 1.8 20 1.4
2000 | -1300 <40 21 1.3
1900 | -1270 .82 1.4
1800 | -1200 2.00 1.4 Y
1500 | -2250 .46 1.3 .4
1400 | -2100 .46
1300 | -1950 .50
1300 | -1950 .45 Y
1200 | -1800 2.281 Y | 1.5 Y Y
15 | 5000 o} 0.125] 0.19| 1.5} 1.2 26 1.1 | 1.0
4500 .54
4400 .75
4250 1.27
4000 2.37 Y
4500 | -1125 .30 1.3 1.1 1.0 .8
4000 | -1000 .30 1.4 ¢
3800 -950 ,45] 1.4
3700 -925 .72 1.3] 1.0
3500 -900 1.05] 1.3 1.0
3500 ~E75 1.50| 1.6 | 1.2
3200 -£00 3.55] 1.3 | 1.0 Y
3000 | -2000 .42 1.8 1.3 1.1 .6
2700 | -1800 2.1 | 1.8 1.3 1.1 .6

27
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Equilateral
Accelerator triangular
hole spacing
Screen

Hole diam.

Zs o

spacing

(a) Seme holes in both grids.

0.159 Diam.

. 0.159 Diam.

0.508

Grid thickness, same
for both grids

Surface grid spacing

(v) Larger holes in accelerator.

(c) Parallel grid wire, configurations 12 and 13.

0.476 Diam.I:::
%

¢ erid spacing

(d) Configuration 14 or 15.

459 or 33° Angle

::19.476 Diam.

0.102 Diam. g || g
) B :
? ;‘ i
> © ~ g
S 5 ::
S o EE Li |
o | L L
Y
10.549 - - N
[Tz

Figure 3. - Detalls of screen and accelerator grids for a 10-centimeter-diameter

electron-bombardment engine.

(A1l dimensions in cm.

)
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§ 57840

(e) Enlarged photograph of 45° screen angle,
0.476-centimeter hole diameter.

C-57839

(f) Enlarged photograph of 33° screen angle,
0.476-centimeter hole diameter.

Figure 3. - Concluded. Details of screen and
accelerator grids for a 1lO-centimeter-
diameter electron-bombardment engine. (A1l
dimensions in cm.)
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ma

Accelerator impingement current,

10
3 [ N
R
o 1.0
a 8
8 = A .6 1
v/ .4
¥ R V1
where = —
VI + [VAI
6 Q _ et_
Total
Q
4 \ \\ \\
2 \ l W i (0]
1] s — —
“f\\Vﬁ. Y ] e
0]
800 1200 1600 2000 2400 2500 3200 3600
(&) Beam current, 0.125 ampere,
10 - i I I
R

)Qo__/ﬁ/ — \A\Ah__k A

\D—«//
2
o]
1200 1800 2000 2400 2800 3200 3600 4000
Ancde potential, Vi, volts
(b) Beam current, 0.241 ampere.
Figure 5. - Typical data of accelerator impingement currents versus anocde

potentlal for 1l0-centimeter-diameter 1on source using nurber 6 grids.
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Percent of Child's law current
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0 A Wire ——
v grid
X a A data
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0 O 1.0 ]
a .8 to
@ .72
A 6
20 < . |
M v L4
o L3
nere R 1
where = |
Vy+ | Vsl
o | l 1 |
.4 .6 .8 1.0 1.2 1.4 1.6
Ratio of grid spacing to hole diameter
—>
() Grid spacing based on ¢ of grids:
Hole
diam.
- ¢ e

Figure 6. - Percent of Child's law current passing through screen-

accelerator grids of a 10-cent imeter-diameter rocket.

Beam current

generally 1/4 or 1/8 ampere; see table IT for grid configurations.
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Percent of Child's law current
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T T T T
R
o 1.0
100 -
O .8 +to
.72
A .6
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& L3
80 VI T
vhere R = 7
Vi + [Va]
O
£0
O Wire
grid
A data
] 0]
o oo v jal
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Eé ( ’
o A
@]
B VI
A
20 %
5 ry
g)
0
.3 D .7 .9 1.1 1.3
Ratlo of grid spacing to hole diameter ﬁ
(b) Grid spacing based on surface-to-surface distaence: -
4 4.+
Hole
d diam.

Grid spacing e

Figure 6. - Concluded. Percent of Child's law current passing through
screen-accelerator grids of a 10-centimeter-diameter rocket. Beam cur-
rent generally 1/4 or 1/8 ampere; see table 1I for grid configurstions.
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Ideal Child's law current, percent

100
/—’-
el P
B
80 /////;/g_{;/
P / ]
ozl
80 / // //
R //’/
1.0 A / ( Vi > |
4 where R =
/// / Vi + |Val
.8 //
S E— /
.4
4
20
0 .4 .8 1.2 1.6 2.0 2.4
Ratio of grid spacing to hole diameter, dlz/a
Figure 7. - Calculsted value of Child's law current passing through screen-

sccelerator grids of a l0-centimeter-diameter ion rocket. (Grid aperture

effect, appendix B.)
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Percent of Child's law current
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100
0
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o §  ——
e .———“/
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‘4 — /./
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L o 1.0
P O .8 -
L~ A 5
v .4
40 VI —
where R = ——— —
Vi + |Vl
Solid symbol - Run 1 ——
Open symbol - Run 7
20 1 1 1 ]
.4 .6 .8 1.0 1.2 1.4 1.6
Ratio of grid spacing to hole diameter
Figure 3, - Compariscn of data for grid configurations 1 and 7 with calcu-

lated grid aperture effect.
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Total breakdown voltage, volts
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Figure 9. - Breakdown voltage across screen-accelerator grids
of an operating 1C-centimeter-diameter ion engine. Beam cur-

rents, 0.12 to 0.46 ampere; bell jar pressure,
3.3x10™° m Hg.
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Percent beam impingement
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O 1.0
O 8 to 0.72
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Vy ]
where R = ———.
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Open symbol - l/8-amp beam
Solid symbol - l/4-amp beam
]
v
2 V_ 1A
A @
> | ..
X\VD" A
"
e A L
1 L
- yA)
iyv A vV |
ag
S N e
027
o) (]
0
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Bell jar pressure (av.), mm Hg
Figure 10. - Percent of beam current impinging on

accelerator grid of a 10-centimeter-diameter ion
engine as a function of surrounding pressure in-
dicated by the bell jar ion gage.
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400

200 //////

//’/!/ )
o |
(a) Configuration 9; Vy, 4000 volts.
400

200 //
/

/

7

AN

Probe current, ua

O P—
(b) Configuration 9; Vy, 3000 volts.
200
e ——
0 \\\\‘
12 8 4 0 4 8 12

Distance across beam, cm

(c¢) Configuration 9; Vi, 1000 volts.

Figure 11. - Beam profile curves generated by molybdenum-tipped probe 12
centimeters downstream of a lO-centimeter-diameter ion engine. Jg, 0.125
ampere; R, 0.8 for all profiles.
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Probe current,

41

400
Py /\
~TVuUi
200
0 — ——
(4} Configuration 14; Vy, 3C00 volts.
400
__/\
LN ] fmee 1
200 // \
0 J J\_/—-&

12 8 4 0 4 8 1z
Distance across beam, cm

(e) Configuration 14; Vy, 2400 volts.
Figure 11. - Concluded. Beam profile curves gencrated by molybdenum-tipped

probe 12 centimeters downstream of a lO-centimeter-diameter ion engine.
Jps 0.125 ampere; R, 0.8 for all profiles.



42

Sputtering rate, g/amp-hr

24
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/ Ref. 12

: /

/Ref. 13
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Energy of Hg"' ions, kev
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Figure 12. - Sputtering rate of a molybdenum target
by singly charged mercury ions (refs. 12 and 13).
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